mechanisms of actions has been obtained by studying mutants in this species.
. In addition, many other phic syntaxin mutant. These mutants result in the gecritical components of the synaptic release machinery netic removal of the SLO-1 BK channels, allowing study are conserved in C. elegans (Rand and Nonet, 1997) , of the functional role of this channel. A combination and important information regarding their molecular of genetic, pharmacological, and electrophysiological analyses revealed that slo-1 mutants were associated with increased quantal content of neurotransmitter re-lease of the unc-64 mutation. Because it was the sole tance was estimated to be ‫052ف‬ pS based on measurements of single channel current amplitudes in symmetri-K ϩ channel identified in this screen, SLO-1 is likely to have major, if not unique, importance among K ϩ chancal K ϩ solutions. However, precise determination of conductance was difficult due to the very brief mean nels as a regulator of neurotransmitter release in C. elegans and possibly in other systems.
open time of the channel, which is estimated to be less than 0.5 ms. No apparent differences in functional properties were observed between SLO-1a and SLO-1b Results (functional properties of SLO-1c were not examined). These observations showed that SLO-1 is similar to BK To identify proteins capable of modulating synaptic channels from other species, with regard to functional transmission, we performed a genetic screen for muproperties as well as amino acid sequence. tants that enhanced synaptic transmission in an unc-64 syntaxin mutant background. While complete lack of unc-64 syntaxin results in lethality, hypomorphic lesions slo-1 Alleles Isolated as unc-64 Suppressors Are Loss-of-Function Mutations result in viable animals that are lethargic and resistant to inhibitors of acetylcholinesterase. These defects are All of the slo-1 mutants isolated in our genetic screen are recessive suppressors of unc-64 paralysis. The slomost likely due to a reduction in neurotransmitter release. We screened for suppression of unc-64(e246) 1(md1745) allele isolated from the ric-8 suppressor screen also acted as a recessive suppressor of unc-64 syntaxin mutant paralysis and isolated six noncomplementing alleles that we mapped to the C. elegans orparalysis. All alleles had a similar behavioral phenotype, which could be rescued by germline transformation with tholog of the large-conductance, Ca 2ϩ -and voltagedependent K ϩ channel. We named this locus slo-1. Two wild-type slo-1 (see below). Using primers designed according to SLO-1 cDNA sequences, we amplified firstadditional alleles (md1715 and md1745), which were isolated in a screen for suppressors of ric-8 and mapped strand cDNAs by RT-PCR and sequenced the products to identify molecular lesions in the mutants. Figure 1B ). major structural motifs of BK channels are present, includAlthough the molecular lesions of slo-1(md1745) and ing the seven membrane-spanning domains (S0-S6), a slo-1(js379) were clearly expected to eliminate channel pore domain that contains the K ϩ selectivity filter, a function, the functional consequences of other muta-"Ca 2ϩ bowl" that is important for sensing Ca 2ϩ (Schreiber tions were less clear and therefore subjected to further and Salkoff, 1997), and four hydrophobic segments in analysis. The mutations found in slo-1(md1715) and the C-terminal region ( Figures 1A and 1B) .
slo-1(js118) were introduced independently into the SLO-1 has at least three splice variants. In addition to SLO-1a cDNA, and the resulting mutant channels were the SLO-1a cDNA (Wei et al., 1996) , two other splice varisubjected to physiological analysis in the Xenopus ooants were identified. Exon/intron boundaries of slo-1 cyte system. No BK channel activity was detected in transcripts were determined by comparing cDNA seeither mutant channel in contrast to wild-type controls. quences with genomic DNA sequence. SLO-1a (GenThis suggests that these mutations also resulted in a Bank AF431891) is encoded by 20 exons and has a complete loss of function (data not shown). The mutant predicted length of 1140 residues. Compared with alleles slo-1(js380, js381) truncated the channel at a sim-SLO-1a, SLO-1b (GenBank AF431892) lacks exon 13 ilar location as slo-1(js118) and, hence, were also exand is 22 residues shorter. SLO-1c (GenBank AF431893) pected to remove channel function. We conclude then also lacks exon 13. In addition, it has an alternative exon that all mutants isolated by virtue of their ability to sup-9 and an additional small exon following exon 11. The press the unc-64 phenotype most likely conferred the sequence and sites of alternative exons are showed in same physiological phenotype, the complete removal Figure 1A .
of the SLO-1 current from the membrane. Biophysical properties of SLO-1a and SLO-1b were examined by heterologous expression in The open boxes represent exons common to all splice variants, whereas the filled boxes represent alternative exons. Compared with SLO1a, SLO-1b lacks exon 13. SLO-1c, besides the lack of exon 13, uses an alternative exon 9, as well as an additional exon (exon 11b) following exon 11. (Middle) The complete sequence of SLO-1a is shown. Major structural domains characteristic of BK channels, including 11 hydrophobic segments (S0-S10), the pore, and the Ca 2ϩ bowl, are underlined. Two alternative exons (exons 9 and 13) are outlined with broken lines. The position of the insertion of exon 11b is marked by an arrow in the SLO-1a sequence. (Bottom) Sequences of alternative exons. (B) Predicted membrane topology of SLO-1. Major structural domains and locations of identified mutations are indicated. All mutations, except for md1715, resulted in premature termination of the protein due to either nonsense mutations (js379, js380, js381, md1745) or deletion plus frame shift (js118). A glycine to glutamate missense mutation occurred in md1715. In js118, exon 16 was absent due to a 271 bp deletion in genomic DNA that removes most of exon 16 and a portion of the previous intron. The location of GFP insertion in the slo-1 minigene (see Figure 1C ) is also indicated. (C) Schematic depiction of minigenes used in germline transformation. SLO-1a cDNA was ligated to promoters from three different genes: slo-1, snb-1 (neuron specific), and myo-3 (body-wall muscle specific). GFP was inserted between S8 and S9 of SLO-1 (by replacing L706 and R707 with GFP) in experiments examining SLO-1 in vivo expression patterns. voked locomotion. slo-1 suppression of locomotion deioral deficits of syntaxin mutants. This suppression most likely resulted from compensation of the transmission fects of unc-64(e246) was not allele specific, as slo-1 mutations also enhanced movement of unc-64(js21) (Saifee defect in the syntaxin mutant. Pharmacological assessment of acetylcholine release et al., 1998) animals (data not shown). This increased movement was not due to simple hyperactivity resulting supports the hypothesis that loss of SLO-1 increases neuromuscular transmission in the syntaxin hypomorph. from the slo-1 mutant, as slo-1 single mutants did not move faster than wild-type animals. On the contrary, The acetylcholinesterase inhibitor aldicarb potentiates the effect of released acetylcholine by blocking its degslo-1 single mutants appeared similarly active as wildtype animals, but their movement was less smooth and radation (Rand and Russell, 1985) . In wild-type animals, the accumulation of acetylcholine results in tonic conwas characterized by an increased tendency to stop and reverse direction. (Figures 6B and 6C) . The ground. This prolongation in release resulted in an inaverage amplitude and area of mEPSCs of slo-1 mutants crease in EPSC quantal content, which was capable were similar to those of wild-type (details in the legends of alleviating the behavioral deficits of unc-64 syntaxin of Figures 5 and 6) . Because mEPSCs were unchanged, the enhancement of synaptic transmission, as evimutant animals. -1 current is present (Salkoff, 1985) .
slo-1 mutations augmented neurotransmitter release both in the presence and absence of the unc-64 syntaxin Conversely, the absence of the SLO-1 current always interaction is likely to be the mechanism by which SLO-1 K ϩ channels regulate neurotransmitter release. grabber (Scion Corp., Frederick, MD). Plates were undisturbed on Three slo-1 minigenes were constructed by ligating different prothe microscope for 5-10 min before imaging initiated. Images of moter sequences to the SLO-1a cDNA sequence. One minigene locomotion were collected prior to and after dropping a metal bar contained the native slo-1 promoter (5239 bp). Another minigene from a constant height onto the plate to mechanically excite the (pBK3.1), a derivative of pRM248 , contained the animals. Locomotion velocities were calculated between successive neuron-specific snb-1 (synaptobrevin) promoter. A third minigene images by measuring the displacement in the position of the tail of (pBK4.1) used pPD96.52 vector as the backbone, which contained each animal. Velocities from three pairs of images were calculated the body-wall muscle-specific myo-3 (myosin) promoter (Okkema and averaged to assess both basal and stimulated locomotion. et al., 1993). Schematic diagrams of the minigenes are shown in Mutants were assayed for acute exposure to aldicarb. Sensitivity Figure 1C .
Transformation of C. elegans
to aldicarb was examined by transferring 20-25 animals to plates containing aldicarb and assaying the time course of paralysis. AniGenetic Analysis of slo-1 mals were considered paralyzed if they appeared hypercontracted unc-64(e246) hermaphrodites (L4 stage) were mutagenized by expoand failed to move even if prodded with a platinum wire. sure to 50 mM ethyl methanesulfonate for 4 hr. Second generation self-progeny (F2s) were screened for nonparalyzed animals. Six nonElectropharyngeograms complementing alleles of slo-1(js100, js118, js379, js380, js381, and Electropharyngeograms (EPGs) were recorded from young adult js382) were isolated in a screen of 24,000 genomes. Each allele was hermaphrodites using an AC preamplifier (designed by David Brumbackcrossed at least four times in order to remove extra nonassociley, University of Oregon) and LabView Acquisition software as preated mutations, followed by outcrossing with N2 wild-type in order to viously described (Avery et al., 1995). Bath solution consisted of M9 determine the single mutant phenotype in an unc-64(ϩ) background. with 2.5 mM serotonin added to stimulate pharyngeal pumping. Only slo-1(js100) was mapped by its ability to suppress unc-64 paralysis recordings with at least ten pharyngeal pumps were analyzed. (Sup). Using the Tc1 transposable element-containing strain, DP13 (Williams et al., 1992), this allele was mapped to the right arm of chromosome V. e246/ϩ; js100/ϩ males were crossed into DP13 Xenopus Oocyte Expression Capped cRNAs were prepared with T3 RNA polymerase using a hermaphrodites and random F1 progeny picked to individual plates. From the fraction of plates that segregated both Unc and Sup, commercial kit (mMessage mMachine Kit, Ambion, Austin, TX) after linearization of the cDNA templates with NotI. The cRNAs were Unc Sup double mutant progeny were selected and analyzed for presence of selected Tc1 polymorphic markers. This analysis placed resuspended in nuclease-free water to a final concentration of 1 g/ l. Approximately 50 nl cRNA was injected into each defolliculated js100 to the right of stP105, within the same region containing a oocyte using a Drummond Nanojector (Drummond Scientific, About 60 s recordings of mEPSCs were analyzed in each NMJ preparation using MiniAnalysis (Synaptosoft, Inc., Decatur, GA) for Broomall, PA). Injected oocytes were incubated at 18ЊC in ND96 medium (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2, and measurements of frequency, amplitude, and area of mEPSCs. EPSCs were analyzed with Clampfit (Version 8.0, Axon Instruments) 5 mM HEPES [pH 7.5]) supplemented with sodium pyruvate (2.5 mM), penicillin (100 U/ml), and streptomycin (100 mg/ml).
for amplitude and area. Several consecutive EPSCs were averaged to generate representative values of a particular preparation. Values Inside-out patches were obtained from the oocyte 2-7 days after cRNA injection using borosilicate glass pipettes that had a resisof EPSC duration are based on the interval between the stimulation artifact and 90% decay of the peak amplitude of averaged peaks. tance of 1.5-3 m⍀ (for macroscopic currents) or 5-8 m⍀ (for single channel currents). [Ca 2ϩ ] was changed by exposing the cytoplasmic The areas of both mEPSCs and EPSCs were integrals of the current trace over time (pA ϫ ms). face of the patch to constant perfusion through a glass pipette. Current data was acquired at a sampling rate of 10 kHz or 50 kHz Statistical analyses were done with SigmaStat (version 2.0, Jandel Corporation, San Rafael, CA). Either unpaired t test or ANOVA was after filtering at 2 kHz. Leak current, determined by stepping from Ϫ60 to Ϫ80 mV, was automatically subtracted from the macroscopic used, depending on whether the number of groups being compared was more than two. 
